Abstract A new method based on a chirped optical pulse interferogram has been proposed to measure terahertz radiation. The frequency domain phase information of the interferogram is used to extract the time-domain terahertz pulse waveform. In principle, the resolution of our method can be as high as the unchirped probe pulse duration, with the advantages of relatively simple measurement setup and signal extracting techniques.
Introduction
Terahertz radiation is of great interest for its potential applications, and a high peak power terahertz field can be obtained by laser-plasma interactions [1∼4] . While electro-optic (EO) sampling has proved itself an efficient way to detect terahertz radiation, to overcome the fluctuation of the laser energy, terahertz power and low repeat rates of the high-intensity laser systems, single-shot detection is required. Some terahertzassociated applications, such as high-speed real-time imaging [5] and diagnostics of electron bunches from laser wakefield acceleration [6] , also need real-time detection of the terahertz pulse. Several configurations for single-shot terahertz detection have been studied, including spatial encoding geometry [7] , spectral encoding geometry [8] and cross-correlation geometry [9] . Both the terahertz field strength and the modulation are typically weak, because the spatial encoding technique uses collimated optical probe and terahertz pulses interacting within the EO crystal. By directly converting the spectral information to the time-domain signal, the resolution of the spectral encoding technique is limited by the uncertainty principle. The cross-correlation technique is relatively more complex because of the threebeam configuration and two nonlinear optical processes involved. Recently, efforts have been made to improve the terahertz measurement based on the spectral encoding geometry by YELLAMPALLE [10] and van TILBORG [6] . However, signals will, with such encoding techniques, either be affected by the stability or can only obtain the terahertz pulse duration, losing phase information. In this paper, we propose a new approach to perform single-shot terahertz pulse detection. High temporal resolution is achieved, while keeping a simpler experimental configuration and signal retrieving technique.
Setup and interferogram
The setup of the measurement is depicted in Fig. 1 . The laser pulse is separated into two pulses by beam splitter 1 (BS1), after being linearly chirped and stretched by the bulk medium. One of the two pulses is used as a reference pulse and the other as a probe pulse. Delayed by a delay line, the probe pulse is then combined with the reference pulse by beam splitter 2 (BS2). The probe pulse interacts with the terahertz pulse in the EO crystal, and then interferes with the reference pulse in an imaging spectrometer. The interferogram is recorded on a charge coupled device (CCD) of the spectrometer. In our calculation, the original unchirped laser pulse is defined as
, where E 0 is the amplitude, r 0 is the radius of the laser spot, τ 0 is the Fourier limited pulse duration and ω 0 is the central angular frequency. We assume that τ 0 = 60 fs, λ 0 = 800 nm,
µm and E 0 =1. This unchirped pulse is stretched to a duration of τ c =1618 fs by the bulk medium, of which the second order dispersion coefficient is
The terahertz pulse is defined as E THz (t)=−(t/t 0 )exp(−r 2 /r 0 2 )exp(−t 2 /t 0 2 ), where t 0 =0.2 ps is the terahertz pulse duration. The terahertz pulse is depicted in Fig. 2 . Fig.2 (a) The original terahertz pulse, and (b) the cross section of (a) at r=0
The interference pattern on the CCD can be expressed as:
where E r0 (ω) and E pr0 (ω) are the frequency domain amplitude of the reference pulse and probe pulse, respectively, ∆Φ(ω) = Φ pr (ω) − Φ r (ω) is the phase difference between the probe and reference pulses, with Φ pr (ω) denoting the frequency domain phase information of the probe pulse and Φ r (ω) that of the reference pulse, and τ being the time delay between the reference and probe pulses. The interferogram is depicted in Fig. 3 . 
Principle and simulation results
The probe pulse is modulated by the terahertz pulse within the EO crystal through the Pockels effect, and the modulation can be expressed as [11] E pr (t) = E r (t) [ 
where E pr (t) is the electric field of the probe pulse, E r (t) is the electric field of the reference pulse, E THz (t) is the electric field of the terahertz pulse and β is the modulation depth. Eq. (2) is equivalent to
where b = 1 + [βE THz (t)] 2 is the amplitude modulation factor of the terahertz pulse, and ∆Φ(t) = tan −1 (βE THz (t)) is the phase modulation factor of the terahertz pulse. Thus we have [12] ∆Φ(t) = Im ln
(4) In order to determine the expression of ∆Φ(t), we need to obtain E r0 (ω), Φ r (ω), E pr0 (ω) and Φ r (ω). E r0 (ω) is the square root of the measured reference pulse spectrum amplitude, and Φ r (ω) can be obtained through the cross phase modulation [8, 15] . According to Eq. (1), three functions in the time domain can be obtained when inverse Fourier transformation is applied to the interferogram. E pr0 (ω) and ∆Φ(ω) can be extracted by choosing one of the sidebands and performing fast Fourier transformation [13, 14] . Then we can obtain Φ pr (ω) by using ∆Φ(ω) = Φ pr (ω) − Φ r (ω). Now we can determine ∆Φ(t) and express E THz (t) as E THz (t) = (
The extracted terahertz is shown in Fig. 4 . Fig.4 (a) The extracted terahertz signal, and (b) the cross section of (a) at r=0
Discussion
The temporal resolution of our method is theoretically determined by the Fourier limited probe pulse duration. Fig. 5 shows the influence of the terahertz pulse duration. It can be seen that the extracted signal will be increasingly distorted with decreasing terahertz pulse duration. This can easily be understood as follows: while the terahertz pulse duration becomes smaller, its spectrum band will be larger, and finally this will add new sidebands on the probe pulse spectrum.
Several features can decrease the resolution in the practical experiments [10,16∼18] , for example, the frequency response of the EO crystal, the group velocity mismatches between the terahertz and the optical probe pulses, inaccurate characterization of the second order dispersion coefficient, and so on. Fig. 6 shows the influence of the characterization error of the second order dispersion coefficient. We can see that the characterization error does lead to signal distortion, but the distortion decreases, while the original terahertz pulse duration increases. We proposed a new single-shot approach to detect broad bandwidth terahertz pulses. Theoretically, the temporal resolution can be limited only by the unchirped probe pulse duration. While the secondorder dispersion coefficient is characterized with an error of less than 5%, a terahertz pulse as short as 150 fs can be extracted.
